The aim of ion measurements at plasma facilities is to identify the various ion species emitted from such devices and to determine their characteristics, such as the energies and the angular distribution. Studies of the fast ion emission from various Plasma--Focus (PF) facilities were performed in many laboratories all over the world, and their results were published in numerous papers which can be found as references in some review papers [1] [2] [3] [4] [5] . Such studies have also been carried out within different PF-type facilities in Poland [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . It should be noted, however, that almost all PF devices mentioned above were operated at static initial gas conditions, and only a few of the PF-experiments were performed with an additional gas-puffing [16, 17] . However, the recent upgrading of the DPF-1000U facility operated at the IPPLM, Warsaw, and in particular the installation of a gas-puffing system, demanded new measurements of ion beams emitted at the changed experimental conditions to be performed. Hence, the main aim of the described study was to investigate the effects that the additional gas-puffing (through an axial pulsed gas-valve) had on the ion emission from the DPF-1000U facility. Abstract. In this note we describe measurements of ion beams emitted along the z-axis of the DPF-1000U facility operated at 23 kV, 334 kJ, and with the initial deuterium pressure of 1.6-2 hPa. The DPF-1000U device was recently renewed and equipped with a dynamic gas-puff valve placed inside the inner electrode. The investigated ions were recorded by means of ion pinhole cameras equipped with solid state nuclear track detectors of the PM-355 ® (PADC) type. The energy spectra of ions were determined using a Thomson spectrometer placed on the symmetry axis at a distance of 160 cm from the electrodes outlets. The ion images recorded during discharges performed under different experimental conditions show that the ion beams have a complex structure, usually in the form of a central bunch and an annular stream composed of many micro-beams. Energies of the registered deuterons have been in the range of 30-700 keV, while the fast protons (which originated from the hydrogen remnants) had energies in the range of 300-850 keV. 
Introduction
The aim of ion measurements at plasma facilities is to identify the various ion species emitted from such devices and to determine their characteristics, such as the energies and the angular distribution. Studies of the fast ion emission from various Plasma--Focus (PF) facilities were performed in many laboratories all over the world, and their results were published in numerous papers which can be found as references in some review papers [1] [2] [3] [4] [5] . Such studies have also been carried out within different PF-type facilities in Poland [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . It should be noted, however, that almost all PF devices mentioned above were operated at static initial gas conditions, and only a few of the PF-experiments were performed with an additional gas-puffing [16, 17] . However, the recent upgrading of the DPF-1000U facility operated at the IPPLM, Warsaw, and in particular the installation of a gas-puffing system, demanded new measurements of ion beams emitted at the changed experimental conditions to be performed. Hence, the main aim of the described study was to investigate the effects that the additional gas-puffing (through an axial pulsed gas-valve) had on the ion emission from the DPF-1000U facility.
Experimental setup
The measurements described in this paper were performed with the use of the DPF-1000U device, which is equipped with two coaxial electrodes 460 mm long. The inner electrode is a copper tube 230 mm in diameter, while the outer electrode is composed of twelve symmetrically distributed stainless-steel pipes, forming a cylinder 400 mm in diameter. In the centre of the inner electrode a fast--acting gas valve was placed with a conical-shaped nozzle. That valve was used to inject additional gas (about 1 cm 3 , at the pressure of 0.5 bar) along the symmetry axis of the facility, in the region close to the front-plate of the inner electrode. During the measurements described below the gas valve was triggered 1.5 ms before the start of the main discharge. Plasma-focus discharges were initiated at the initial deuterium pressure of 1.6 or2 hPa by the application of a high-voltage pulse from the main condenser bank charged to 23 kV, which supplied the energy of about 334 kJ. For the sake of comparison of ion emission characteristics the images of ions were recorded with ion pinhole cameras both for discharges with and without the use of gas-puffing. The mass-and energy--analyses were performed by means of a miniature Thomson-type spectrometer, mainly for discharges with the gas-puffing [15] . A diagnostic system at the DPF-1000U facility included also four silver neutron--activation counters which were used to estimate the total neutron yield in each discharge.
The ion pinhole camera or the spectrometer inlet were placed on the z-axis at a distance of 160 cm from the electrode outlets. Both diagnostic devices were equipped with nuclear track detectors of the PM-355 type. Magnifi cation of the camera was chosen in such a way that the image of the outer electrodes could be observed, i.e., the distance between the pinhole inlet and the detector plane was either 4 or 7 cm. The applied detectors could record ions of energies above 30 keV. The use of additional Al-foil fi lters of thickness equal to 0.75, 1.5 and 3 m allowed to shield the detectors and increase the detection threshold for deuterons -up to energies equal to 125, 220 and 380 keV, respectively, according to the known transmission of the applied fi lters [18] .
After the exposition during one or several shots the irradiated detectors were etched under standard conditions for 2 hours.
Experimental results
In order to analyze the recorded structure of the produced ion beams the detectors after their irradiation and etching were examined by means of an optical microscope equipped with a CCD camera and positioning table. The system made it possible to scan the surface of the detector and collect ion track images from the chosen area. The obtained images of ion tracks were analyzed using an image processing software [19] in order to determine the number and the nature of the recorded ion tracks.
An example of an ion image obtained from two successive DPF-1000U discharges without using the gas-puffing is shown in Fig. 1 .
In this case the use was made of a pinhole camera with a smaller magnifi cation. The detector was not shielded with any fi lter. The ion image consisted of a central bunch and annular streams corresponding to the inter-electrode gap.
To study the effects of the gas-puffi ng on the ion emission the use was made of a fast-acting axial valve situated behind an axial hole in the front plate of the inner electrode. The gas valve was triggered exactly 1.5 ms before the initiation of the discharge. In this case the ion measurements were performed at the initial deuterium pressure in the vacuum chamber equal to 1.6 hPa. An example of the ion images recorded without the use of any fi lter is shown in Fig. 2 .
The upper image in Fig. 2 , which was obtained from a discharge with a relatively high neutron yield, demonstrated an asymmetrical central ion bunch and a ring-shaped structure. Deuterons and protons with energies above 30 keV, were recorded in the form of numerous micro-beams, originated from the pinch column and the region between the electrodes, respectively. On the lower ion image, which was obtained from a discharge with a lower neutron yield, one can observe a ring-shaped structure only, without any central spot.
Further measurements involving irradiation of PM-355 detectors shielded with chosen fi lters made it possible to investigate the spatial structure of the ion emission and estimate the total numbers of ions having energies higher than the chosen energy threshold. An example of the ion density map, as obtained with such a shielded detector, is presented in Fig. 3 .
In this case the ions were recorded behind an 1.5 m thick Al-foil fi lter, so the energy threshold for detection of deuterons was 220 keV. The total neutron yield was relatively low (it amounted to 6.6 × 10 10 ) and the ion image could hardly be observed with the naked eye. The microscopic scanning has demonstrated nevertheless several micro-beams distributed around the centre of the detector. Another ion image recorded behind the 1.5 m Al-fi lter is shown in Fig. 4 . In that case the total neutron yield was larger (about 1.4 × 10 11 ) and images of two intense deuteron beams (with a faint outer ring) could be observed.
An image created by deuterons with energies above 380 keV, which were recorded behind the 3 m Al-foil fi lter, is shown in Fig. 5 . In that case a very intense and focused beam of high-energy ions was emitted from the pinch region, despite a relatively low total neutron yield (equal to about 6.7 × 10 10 ). It should be noted that in certain areas of the irradiated detectors the density of the recorded tracks was too high to count tracks accurately; thus to estimate the total ion numbers it was necessary to use another method, the so-called binary processing.
The results of such calculations, which were carried out for the detectors irradiated under different experimental conditions, are presented in Table 1 .
Ion measurements performed with the Thomson spectrometer described above showed distinct deuteron-and proton-parabolas upon the irradiated and etched PM-355 detector. Such protons could originate from the hydrogen remnants which were previously absorbed by the electrodes and chamber walls. On the basis of the obtained images it was possible to calculate the energy spectra of the recorded ion beams (at the known energy calibration of the spectrometer).
The exemplary proton and deuteron energy spectra, as obtained from four successive discharges, are shown in Fig. 6 . In that case the discharges were performed at the initial pressure equal to 1.6 hPa, Fig. 2 . Ion images obtained from two discharges with the use of the gas-puffi ng, recorded with detectors not covered by any fi lter (left column). The upper image was recorded at a high neutron yield, while the lower one -at a low neutron yield. The corresponding ion-density maps, as measured by means of microscope scanning, are shown in the right column. Fig. 3 . The ion density map obtained from a single DPF-1000U discharge performed with the gas-puffi ng, which produced a lower neutron yield (6.6 × 10 10 ). The deuterons of energies above 220 keV were recorded in a few small spots distributed on the external ring.
with the use of gas-puffi ng, and the total neutron yield amounted to 2.9 × 10 11 . In order to estimate the energies of the deuterons leaving the plasma pinch column one should take into account the energy loss during their motion through a gas-fi lled region. Taking into consideration the known experimental conditions (i.e. the distance from the plasma pinch and the deuterium fi lling pressures), it was possible to compute the ion energies as a function of the initial ion energy, as shown in Fig. 7 . On the basis of this plot one can easily determine that deuterons of energies above 30, 220, Fig. 4 . The image and the density map of deuteron beams recorded for a single DPF-1000U discharge performed with the gas-puffi ng. The track detector was shielded with a 1.5-m Al-foil fi lter which could be penetrated by deuterons with energies above 220 keV.
Fig. 5.
The ion image and the corresponding density map recorded for another DPF-1000 discharge performed with the gas-puffi ng. The detector was shielded by a 3-m Al-fi lter and the central beam was created by deuterons of energies above 380 keV. Fig. 6 . Deuteron-and proton-energy spectra determined on the basis of four discharges performed at the initial deuterium pressure equal to 1.6 hPa and the additional gas-puffi ng. Fig. 7 . Energies of deuterons recorded after passing a distance of 160 cm in the deuterium gas at the pressure of 1.6 hPa or 2 hPa, as a function of their initial energy (when they leave the pinch region). and 380 keV, which were recorded at a distance of 160 cm from the electrodes outlet, were emitted from the plasma pinch column with energies above 100, 160, and 340 keV, respectively. It should be noted, however, that this is only a rough approximation of the initial ion energy values. In order to estimate the initial energies more accurately one should take into account the slowing-down of ions inside the dense plasma pinch and in the region of lower density plasma surrounding the pinch column.
The reported characteristics of ions in the detector plane appear to be of particular importance from the point of view of practical applications, e.g., the use of ion beams for modifi cations or erosion tests of different construction materials.
Summary and conclusions
Comparing the results obtained from the DPF-1000U discharges performed with the additional gas-puffing with the results of previous measurements [13, 14] one can conclude that the gas system does not have a major influence on the recorded ion pinhole images. The reported measurements of ions carried out with the ion pinhole cameras showed that the investigated ion beams have always a complex spatial structure. This structure consists of a central spot (bunch), generated by ions emitted along the pinch column, and an outer ring-shaped image, which is generated by ions emitted at different angles from the pinch column and the inter-electrode region.
It was shown that the outer ring-shaped image is formed by ions of lower energy than those in the central bunch. A relation between the total neutron yield and the obtained ion images suggests that the number of recorded ions increases with an increase in the neutron emission, but structures of the ion beams do not seem to be directly correlated with the total neutron yield.
The accelerated deuterons (primary ions), which are emitted during the DPF-1000U discharges with the gas-puffi ng, have energies up to 700 keV, while the fast protons (from the hydrogen remnants) have energies ranging from 300 to about 850 keV. It should be noted that these values of energy correspond to ions reaching the detector surface placed at a distance of 160 cm from the electrode ends. A comparison of the presented energy spectra with those recorded under stationary initial gas conditions, i.e. without the gas-puffi ng [13, 14] , shows that despite the fact that protons can reach higher energies the deuteron energy spectra are comparable in both operational modes of the DPF-1000U facility.
It should be also noted that every plasma-focus discharge shows some unique features and ion images can differ in microscopic detail. Nevertheless, pictures of the ion bunches are reproducible on a macroscopic scale and can be compared. The obtained data are of importance not only for basic plasma physics, e.g., learning about the ion acceleration processes, but also for technological applications of the fast ion beams, e.g., in material engineering. 
